The concept of an ' Azores mantle plume'has been widely debated, and the existence of an Azores hotspot questioned. In an effort to shed new light on this controversy, we present He isotope and major, trace and volatile element compositions for basaltic scoriae from five monogenetic cones emplaced along the fissure zone of Pico Island, the youngest island of the Azores archipelago. The bulk scoriae and lavas are moderately alkaline basalts, and their He isotope ratios, determined on olivine crystals, vary between 10·2 and 11·1 AE 0·1 R a . In contrast, melt inclusions hosted in olivine (Fo 76^83·5 ) span a large range of compositions (K 2 O ¼ 0·7^1·7 wt %; Ce ¼ 32^65 ppm; Nb ¼ 21^94 ppm), which extends the compositional field of lavas erupted along the Pico fissure zone. This chemical evolution is predominantly controlled by polybaric fractional crystallization. Most melt inclusions share similar enrichments in large ion lithophile and light rare earth elements, and trace element ratios (La/Sm, La/ Yb, Sr/Nd, Ta/Th, Zr/Y) with their bulk-rocks. Only a few of them differ in their lower contents of incompatible elements and La/ Sm, Li/Ta and Na/K ratios, a feature that is ascribed to distinct conditions of melting. As a whole, the melt inclusions preserve high and variable volatile contents, and contain up to 1·8^2·0 wt % of H 2 O and 0·4 wt % of CO 2 . The total fluid pressures, retrieved from the dissolved CO 2 and H 2 O concentrations, and the P CO2 from fluid inclusions, indicate magma ponding and crystallization at the crustm antle boundary (ca. 18 km deep).The H 2 O/Cl and H 2 O/Ce ratios in the inferred parental undegassed basalts of the Pico fissure zone average 0·036 AE 0·006 and 259 AE 21, respectively. The latter value is significantly higher than that reported for typical mid-ocean ridge basalts from the southern Mid-Atlantic Ridge, but is similar to published ratios for submarine undegassed basalts from the Azores platform. Combining the calculated compositions of Pico primary magmas formed by low degrees of melting with recent geophysical data for the Azores, we propose a model for Azores magma generation involving the decompression melting of a water-enriched mantle domain (H 2 O ¼ 680^570 ppm) with an estimated temperature excess of 1208C with respect to the Mid-Atlantic Ridge.
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The concept of an ' Azores mantle plume'has been widely debated, and the existence of an Azores hotspot questioned. In an effort to shed new light on this controversy, we present He isotope and major, trace and volatile element compositions for basaltic scoriae from five monogenetic cones emplaced along the fissure zone of Pico Island, the youngest island of the Azores archipelago. The bulk scoriae and lavas are moderately alkaline basalts, and their He isotope ratios, determined on olivine crystals, vary between 10·2 and 11·1 AE 0·1 R a . In contrast, melt inclusions hosted in olivine (Fo 76^83·5 ) span a large range of compositions (K 2 O ¼ 0·7^1·7 wt %; Ce ¼ 32^65 ppm; Nb ¼ 21^94 ppm), which extends the compositional field of lavas erupted along the Pico fissure zone. This chemical evolution is predominantly controlled by polybaric fractional crystallization. Most melt inclusions share similar enrichments in large ion lithophile and light rare earth elements, and trace element ratios (La/Sm, La/ Yb, Sr/Nd, Ta/Th, Zr/Y) with their bulk-rocks. Only a few of them differ in their lower contents of incompatible elements and La/ Sm, Li/Ta and Na/K ratios, a feature that is ascribed to distinct conditions of melting. As a whole, the melt inclusions preserve high and variable volatile contents, and contain up to 1·8^2·0 wt % of H 2 O and 0·4 wt % of CO 2 . The total fluid pressures, retrieved from the dissolved CO 2 and H 2 O concentrations, and the P CO2 from fluid inclusions, indicate magma ponding and crystallization at the crustm antle boundary (ca. 18 km deep).The H 2 O/Cl and H 2 O/Ce ratios in the inferred parental undegassed basalts of the Pico fissure zone average 0·036 AE 0·006 and 259 AE 21, respectively. The latter value is significantly higher than that reported for typical mid-ocean ridge basalts from the southern Mid-Atlantic Ridge, but is similar to published ratios for submarine undegassed basalts from the Azores platform. Combining the calculated compositions of Pico primary magmas formed by low degrees of melting with recent geophysical data for the Azores, we propose a model for Azores magma generation involving the decompression melting of a water-enriched mantle domain (H 2 O ¼ 680^570 ppm) with an estimated temperature excess of 1208C with respect to the Mid-Atlantic Ridge.
KEY WORDS: Azores; Pico basalts; melt inclusions; trace and volatile elements; helium isotopes; decompression melting topography transected by the Mid-Atlantic Ridge (MAR) axis and bounded to the north by the slow-spreading Terceira Rift and to the south by the Azores^Gibraltar Fracture Zone. At the junction between three major lithospheric platesçthe North American, African and Eurasian platesçthe Azores islands are thus located in a complex tectonic setting characterized by anomalously thick crust (!8 km; Luis et al., 1998; Gente et al., 2003; Dias et al., 2007; Georgen & Sankar, 2010; Silveira et al., 2010) and the presence of 'V-shaped' ridges along the adjacent MAR (e.g. Vogt, 1979; Cannat et al., 1999; Escart|¤ n et al., 2001) .
The Azores have long been considered as a typical example of hotspot^ridge interaction (e.g. Schilling, 1975; White & Schilling, 1978; Cannat et al., 1999; Dixon et al., 2002; Moreira & Alle' gre, 2002) , with variable He isotopic ratios bracketing the mid-ocean ridge basalt (MORB) values of 8 AE1 R a (e.g. Moreira et al., 1999; Madureira et al., 2005; Jean-Baptiste et al., 2009 ). The Azorean basalts show an increasing enrichment in incompatible elements and radiogenic Sr^Nd^Pb signatures with increasing distance from the MAR (e.g. Turner et al., 1997; Moreira et al., 1999; Bourdon et al., 2005; Beier et al., 2008 Beier et al., , 2010 . It has also been proposed that Azores-type mantle melts could have interacted with depleted MORB-source mantle along the MAR, at very low extents of melting (Gale et al., 2011) . The mantle geochemical heterogeneity beneath the Azores archipelago has been widely discussed, mainly focusing on Sa‹ o Miguel, the easternmost island in the Terceira Rift, and associated with the recycling of underplated basalts into the oceanic mantle (e.g. Beier et al., 2007; Elliott et al., 2007; Moreira et al., 2012) .
The enrichment in volatiles, specifically water, of Azores magmas was first recognized by Schilling et al. (1980) in submarine basalts of the platform, which have high H 2 O/ Ce ratios relative to typical MORB (Michael, 1995) . The water anomaly of the Azorean mantle domain was associated with recycling of old oceanic crust (Dixon et al., 2002) . The addition of H 2 O to the mantle, together with a small temperature anomaly, are the key parameters to induce polybaric hydrous melting and fractionation that led Bonatti (1990) and Asimow et al. (2004) to question the concept of an Azores hotspot and the associated thermal anomaly. Alternative models propose the mantle partial melting beneath the Azores to be caused by the stretching of the lithosphere along transtensive fault systems and differential stresses generated by the segmentation of the MAR (e.g. Luis et al., 1994; Marques et al., 2013) .
Retrieving the initial volatile content of the Azores primary magmas and the mantle melting temperature is thus of prime importance, but is often hampered by the absence of true primary melts because of olivine and pyroxene crystallization at high pressure (e.g. Genske et al., 2012; . Moreover, the volatile dataset available from the literature is mainly based on MAR basalts emplaced on the sea floor. Here, we focus on the explosive products from monogenetic cones and subaerial lava flows emplaced along the Pico eastern fissure system and, more specifically, on melt inclusions hosted in olivine representative of the early stages of magma crystallization. We provide new He isotope data, which, together with bulk-rock trace element compositions, demonstrate that our sample set is representative of the magmas emplaced along the Pico fissure zone. This study raises the question of the significance of helium isotope ratios higher than those of MORB, but significantly lower than typical values from hotspots. We combine data from melt and CO 2 -rich fluid inclusions with bulk-rock geochemistry to estimate the P^Tconditions of magma ponding and evolution. Our results indicate direct transfer of magma batches from the mantle^crust transition or deeper, the presence of a water-rich mantle, and also variable conditions of mantle partial melting.
G E O L O G I C A L S E T T I N G A N D S A M P L E D E S C R I P T I O N
Pico, located at 38·2^38·48N, is one of the nine volcanic islands of the Azores archipelago (36·8^39·98N). Together with the nearby island of Faial it forms a $160 km long volcanic ridge oriented WNW^ESE (Fig. 1) , which lies on ca. 10 Myr old oceanic lithosphere (e.g. Luis et al., 1994; Cannat et al., 1999) . Pico island, the youngest of the archipelago, consists of basalts (Franc°a et al., 2006) and the oldest subaerial lava flows are younger than 200 ka (A. Hildenbrand, unpublished data) . It is formed by three main volcanic systems: the Topo^Lajes complex, where the oldest age was found; the Pico Ridge complex (Planalto da Achada Fissure Zone), which is subaerial for ca. 30 km and extends underwater for ca. 100 km (Stretch et al., 2006) , and where the eruptive activity continued until AD 1562; and the Pico stratovolcano, which peaks at 2350 m and last erupted in AD 1720.
Here we focus on five monogenetic cones (Sc11A^E), which were sampled during a field mission in 2012, and were built along the Pico axial fissure system (Fig. 1) on top of young lava flows dissected by an active slump on its southeastern flank (Hildenbrand et al., 2012a) . One of them (Sc11C) is located close to the slump headwall. These cones have not yet been dated, but their very wellpreserved morphology suggests that they were generated no more than a few thousand years ago. Excess in 226 Ra measured in two basalts from the Pico fissure system (Prytulak & Elliott, 2009 ) provides indirect evidence for their relative young age (58000 years). The fresh scoriae, which were specifically collected to obtain the most rapidly quenched samples for melt inclusion study, come from unwelded, poorly stratified vesicular lapilli and scoria beds, emplaced during Strombolian activity. The deposit grain size varies from 2^3 cm in the largest clasts to millimeters in the smallest. Their mineral assemblage comprises olivine, plagioclase and clinopyroxene. We specifically studied euhedral olivine crystals, hand-picked from both 0·5^1·0 and 1·0^2·0 mm grain-size fractions to retrieve as much information as possible on the earliest stage of magma history. Olivine commonly contains isolated, rounded melt or glass inclusions up to 300^400 mm in size, with a single or several shrinkage bubble(s) and occasionally sulfide globules. Melt inclusions are generally preserved as yellowish glass; in some cases their dark brown color is related to the presence of numerous sub-micrometer-sized nuclei, which appeared upon cooling and disappeared during heating at 1atm. However, we stress that measurements were made on naturally quenched, unheated melt inclusions. Trails of pseudo-secondary CO 2 -rich fluid inclusions, aligned along healed fractures, are ubiquitous in the three mineral phases, but were measured in olivine crystals only.
To complement the geochemical study, 13 new basaltic lava samples were also collected along the subaerial fissure zone (Fig. 1) . They typically display a low amount of phenocrysts (5 18%) of olivine, plagioclase and Silveira (2003) . The shaded areas correspond to the three volcanic complexes. Stars indicate the locations of the lava samples analyzed in this study. The left-hand inset shows the location of the Azores archipelago and the main geostructural lineaments. EAFZ, East Azores Fracture Zone. The right-hand inset represents the studied area, with scarp faults and active slumps reproduced from Hildenbrand et al. (2012a) . Stars mark the location of monogenetic cones sampled for He isotope measurements in olivine crystals and geochemical analysis of melt inclusions and bulk-rocks.
clinopyroxene in order of decreasing abundance, and only very rare megacrysts (!5 mm; most probably antecrysts; Zanon & Frezzotti, 2013) . Microtextures range from intergranular to seriate, and the groundmass is typically microcrystalline.
A NA LY T I C A L P RO C E D U R E S Major and trace elements in bulk-rocks Major and trace element analyses of the scoria samples (Sc11A^E) were carried out at the Centre de Recherches Pe¤ trographiques et Ge¤ ochimiques (SARM) in Nancy (France), using inductively coupled plasma optical emission spectroscopy (ICP-OES) and inductively coupled plasma mass spectrometry (ICP-MS), respectively (Carignan et al., 2001) . The major and trace element compositions of the lavas were measured at the Activation Laboratories (Ancaster, Ontario, Canada) as described by ), e the thickness (cm), and r the glass density. The doubly polished wafer thickness, which typically varied between 35 and 100 mm, was measured with an error of AE2^3 mm using a Mitutoyo digital comparator and optical microscope. The glass density was calculated following Lange & Carmichael (1990) with a H 2 O molar volume of 12 l mol À1 (Richet et al., 2000) . The total amount of dissolved water (H 2 O mol. þ OH À ) was derived from the broad band at 3535 cm
À1
, using an absorption coefficient of 62·8 l mol À1 cm À1 (Mercier et al., 2010) . Carbon concentration was determined by measuring the peak height at 1520 cm À1 on the background-subtracted spectra, and after deconvolution taking into account the contribution of the molecular H 2 O peak at 1630 cm À1 . The absorption coefficient was calculated using the equation e 1520 ¼ 451^342[Na/(Ca þ Na)], according to Dixon & Pan (1995) . The relative errors are estimated to be better than 10% for H 2 O and 15% for CO 2 .
Major and volatile element analyses
Major elements in glasses and minerals were analyzed in three scoria samples (Sc11 C, D and E) using a Cameca SXFive electron probe (Camparis, Paris, France). In melt inclusions they were measured with a 10 nA defocused beam and a counting time varying from 10 to 20 s. The concentrations of S, Cl and P were determined with a 30 nA defocused beam and a counting time of 120 s on peak. Fluorine was analyzed by coupling LTAP and TAP crystals, with 50 nA beam current, 15 mm beam size, and 100 s counting time. The analysis accuracy was checked against the international standard Vg2, and internal reference natural obsidians (Electronic Appendix 2a). The relative errors are 55% for S and F and 58% for Cl. The detection limits are 50 ppm for S and Cl, and 5100 ppm for F. Minerals were analyzed with a focused beam, a beam current of 10^40 nA and a counting time varying from 10 to 20 s.
Trace element analyses
Melt inclusions were analyzed for trace elements by laser ablation (LA)-ICP-MS, using a 193 nm ArF excimer laser ablation system (Resonetics M50) coupled to a 7500cs Agilent ICP-MS system at the Laboratoire Magmas et Volcans (Clermont-Ferrand, France), with helium as the ablation gas. Samples were analyzed using a laser repetition rate of 2^3 Hz, 44 mm laser spot diameter and pulse energy of 6 mJ (14 J cm
À2
). The background was measured for 30 s before ablation, and each analysis lasted $80 s. Measurements were calibrated against NIST 612 glass standard (Gagnon et al., 2008) , using CaO as the internal element reference. Reproducibility and accuracy of the analyses were checked against the BCR2-G glass international standard (Electronic Appendix 2b), which was recurrently analyzed during every analytical session, and are better than 10%. Data reduction was performed using the Glitter software (Van Achterbergh et al., 2001) .
Fluid inclusion microthermometry
A Linkam THMS600 heating^freezing stage was used to measure the phase transitions in CO 2 -rich fluid inclusions, which homogenized in the liquid phase in our samples. After freezing the fluid at 5 À758C, the inclusions were slowly heated to the triple point temperature check (^56·68C for pure CO 2 ) with a heating rate of 0·5^28C min
À1
. Final homogenization occurred to the liquid phase (T hL ). The CO 2 density and P CO2 were calculated following Span & Wagner (1996) and Sterner & Pitzer (1994) , respectively, for a magma temperature of 1155 AE158C as assessed for Pico basalts (Zanon & Frezzotti, 2013) . We verified this latter estimate by modeling the basalt crystallization path at 500 MPa, under the quartzf ayalite^magnetite (QFM) buffer, using MELTS (Ghiorso & Sack, 1995) , starting from the basalt liquidus temperature down to the crystallization of the olivine Fo 80^82 . A difference of 10^158C will shift the pressure values of AE 35
MPa in the domain of interest.
Helium measurements
Helium concentrations and isotope ratios were measured at IPGP, on olivine crystals that were hand-picked from the five scoria samples (Sc11A^E), in the 1^2 mm size fraction, after removal of the external glass with dilute HF and cleaning with distilled water and alcohol. In olivine crystals in samples Sc11C and D data were also acquired for smaller crystals (0·5^1mm). The gas was extracted by crushing under vacuum, purified using one Ti getter at a temperature of 8008C and one SAES getter at room temperature. After purification, the noble gases were trapped on activated charcoal at 10 K. Helium and neon were introduced successively and analyzed for their isotopic composition using a Noblesse mass spectrometer (Nu Instruments). We report He data only; the isotopic data for Ne will be presented elsewhere. The measurements were calibrated against an internal reference gas with a R E S U LT S Bulk-rock chemistry and olivine He data: a relative homogeneity Bulk scoria samples (Sc11A^E) have similar alkali basaltic compositions, with average values of 46·6 wt %, 1·2 wt % and 7 wt % for SiO 2, K 2 O and MgO, respectively (Electronic Appendix 1). Hence, these basalts are not primary mantle-derived magmas and have experienced variable degrees of fractional crystallization. Their trace element patterns are typical of basalts erupted along the Pico fissure zone system (Fig. 2a) . They are relatively enriched with respect to both normal and enriched MORB, and display heavy rare earth element (HREE) fractionation.
The 4 He concentrations measured in olivine crystals from the same scoria samples vary significantly from 3·4 to 9·8 Â10 À8 cm 3 STP g
À1
, without systematic difference between the olivine grain-size fractions (Table 1 ). These values are significantly higher than those reported for olivine crystals in extensively degassed lava samples, which have concentrations predominantly between 1·0 and 4·0 Â10 À8 cm 3 STP g À1 (Moreira & Alle' gre, 2002) . Rapid cooling of the scoria could have prevented extensive He diffusion within the olivine upon eruption without isotopic fractionation. The helium isotopic ratios of the scoria samples fall in a narrow range of values from 10·2 to 11·1 AE0·1 R a , typical of Pico Island (on average 11·5 R a ; Moreira et al., 2002) , but differ from MORB values ( 4 He/ 3 He $ 90 000 AE10 000 or $8 AE1 R a ; e.g. Parman, 2007) . The scoria samples studied in detail here for melt and fluid inclusions are thus representative of the recent magmatism of the Pico fissure system.
Mineral and melt inclusion chemistry: a wide compositional spectrum
The basaltic scoria contain olivine (Fo 73·7^83·5 ), clinopyroxene (Mg number varying from 0·86^0·78 in the core to 0·81^0·77 in the rim) and plagioclase (An 82·3^70·3 in the core to An 65·7^66·5 in the rim) phenocrysts. We observed rare plagioclase megacrysts (An 57·6^61·6 ). Systematic analysis of olivine shows a similar compositional range in the three samples Sc11D, E and C. Typically, olivine Fo !80 is normally zoned, with the rim composition recording late-stage equilibration. In sample Sc11C, olivine crystals Fo 74^77 are reversely zoned up to Fo 82 , indicative of mixing between magma batches with distinct compositions and/or temperatures. Olivine Fo 77^74·7 , enclosed in clinopyroxene (Mg number 0·81^0·79), testifies to the last stage of crystallization.
Melt inclusions were specifically analyzed in olivine and their compositions were corrected for post-entrapment crystallization (PEC). There is little constraint on the redox conditions of the Pico basalts and we thus used a range of f O2 and Fe 3þ proportions. For QFM buffer conditions, a temperature of 11558C, and a K D value of 0·30 (Toplis, 2005) , the extent of PEC is calculated to be below 4% (Electronic Appendix 3). The results are comparable for a K D value of 0·32 under slightly more oxidizing conditions (Ni^NiO).
Melt inclusions hosted in olivine Fo !80 plot in the domain of Pico bulk samples, with comparable CaO/ Al 2 O 3 (40·6) and FeO/MgO (5 1·4) ratios (Fig. 3) . There is no significant difference between the three studied samples (Sc11D, E, C). They share similar trace element patterns with the Pico lavas, whereas melt inclusions in Fo 580 olivine are enriched in trace elements (Fig. 2b^d) , a feature consistent with their more evolved nature.
Trace elements allow us to discriminate the processes that control the magma and bulk sample chemistry. Pico melt inclusions and bulk lavas belong to the same series of evolution, as deduced from positive correlations between Rb, Th and Ta going through zero ( Fig. 4a and b) , and the constant ratios between incompatible elements such as Rb/Ta, Th/Ta and Ce/K 2 O (Table 2 ). Strontium correlates with Ta, except in the most evolved compositions (Ta 43·5 ppm; Fig. 4c ). Crystal fractionation is demonstrated in the plots of Li and Sc vs Ta ( Fig. 4d and e) , showing the effective role of clinopyroxene fractionation in the Sc decrease. However, crystal fractionation during magma evolution cannot account for the variation of the incompatible elements (i.e. 1·45Ta53·3 ppm) for a very limited range of Li, Sc and Ni contents (Fig. 4d^f) , and thus for magmas at the same stage of evolution. From the most primitive basaltic inclusions (in olivine Fo 80^83·5 ), it emerges that (1) Pico magmas display a significant range inTh, Ta, Nb, Ce and K 2 O concentrations, (2) they are enriched with respect to both normal-and enriched-MORB, and (3) their La/Sm ratio averages at 4·0 AE 0·3, which is He Â 10
the typical value of basalts emplaced along the Pico fissure zone system, with exception of the Sc11C sample. In the latter, melt inclusions in equilibrium with olivine (Fo 82^83 ) show a wide chemical range. They extend the domain of Pico magmas towards relatively low incompatible element contents ( Fig. 5a and b) , and low La/Sm, La/Yb, K 2 O/Na 2 O and Zr/Y ratios (Table 2 ). An average La/Sm ratio of 2·5 AE 0·1 is comparable with those reported for MAR basalts dredged between 35 and 458N (15La/ Sm53; Schilling, 1975; Michael, 1995) . Hence, Pico melt inclusions preserve the initial chemical heterogeneity of the magma batches, with possible mixing between batches generated by fractional melting in the same mantle volume, or reflecting distinct extents of partial mantle melting.
Some lavas are significantly enriched in compatible elements such as Ni (Fig. 4f) , which confirms their cumulative nature (olivine AE clinopyroxene) in agreement with their low FeO/MgO ratio (5 1; Fig. 3 ). The positive correlation between Ni and MgO (not shown) demonstrates that high-Ni lava samples are not representative of true primary magmas, which are never (or very rarely) erupted. This is an important feature for mantle melting temperature calculations, as discussed further below.
Dissolved volatiles and melt saturation pressures
The analyzed melt inclusions from Pico have variable total volatile contents from $2·5 to 51wt %, with H 2 O being the dominant species (Electronic Appendix 3). Sulfur varies little during magma evolution at sulfide saturation, except in open embayments (S5500 ppm) in contact with the surrounding magma (Fig. 6a) . Sulfur contents range from 1390 to 1710 ppm (1517 AE130 ppm on average) in samples Sc11D and E, and from 1195 to 1954 ppm (1488 AE 205 ppm on average) in Sc11C scoriae. Chlorine co-varies with K 2 O (Cl/K 2 O ¼ 0·05) and its concentration ranges from 326 to 853 ppm. The widest variation is observed in sample Sc11C (Fig. 6b) .
Melt inclusions also record variable contents of H 2 O (from 50·8 to 2·0 wt %) and CO 2 (from 662 to 4039 ppm). The largest ranges of concentrations were recorded in sample Sc11C, whereas one embayment (Sc11D-6b) has the lowest H 2 O concentration ($0·4 wt %). There is no clear relationship between inclusion size and H 2 O content for an average diameter larger than 80^100 mm (Electronic Appendix 3). Figure 7 demonstrates that most inclusions have lost more than 30% of their initial water content, possibly related to several different processes as briefly discussed below. However, the overall dataset allows us to define an H 2 O content upper envelope (or limit) that delineates a positive correlation between H 2 O and Ce in melt inclusions differing in their H 2 O concentrations (Fig. 7a) . The corresponding H 2 O/Ce ratios range from 226 to 309 (Fig. 7b ) and average at 259 AE 21 (2s/ˇn; n ¼10), which confirms the closely similar behavior of H 2 O and Ce during mantle partial melting and subsequent melt evolution. A similar conclusion can be drawn for H 2 O and La, as Ce and La are very well correlated (Ce/La ¼ 2·18 AE 0·02; R 2 ¼ 0·987). The H 2 O/Cl and H 2 O/K 2 O ratios average at 0·036 AE 0·06 and 1·6 AE 0·1, respectively.
For every melt inclusion we calculated the saturation fluid pressure (P CO2 þ P H2O ) from its dissolved CO 2 and H 2 O content using the method of Papale et al. (2006) , for QFM redox conditions and 11558C. The highest pressure and the largest range of values (from 468 down to 87 MPa) were found in sample Sc11C, whereas most fluid pressures cluster between 350 and 200 MPa in samples Sc11D and Sc11E (Electronic Appendix 3). However, the thermodynamic model developed by Papale et al. (2006) has a tendency to overestimate CO 2 solubility and thus to underestimate the saturation pressure of CO 2 -rich melts with low to moderate H 2 O contents (Shishkina et al., 2010) . Taking the possible diffusive loss of CO 2 in the shrinkage bubble into account, the fluid pressures derived from the dissolved volatile concentrations are underestimated.
CO 2 -rich fluid inclusions and related pressures 
Bulk lavas
. yMean ratio. The number of analyses (n) is given in parenthesis. zStandard error (SE ¼ 2s/ˇn). §Melt inclusions departing from the general trend of Pico basalt evolution. FEBRUARY 2014 constrain the highest pressures and to compare the P CO2 values to the total fluid pressures deduced from the amount of CO 2 and H 2 O dissolved in the melt inclusions. About 240 measurements were performed on pseudo-secondary fluid inclusions disposed along healed fractures within olivine (Fig. 8a) , covering almost the whole range of compositions from Fo 82 to Fo 75 (Electronic Appendix 4a). These inclusions are perfectly rounded, with a diameter 25 mm. Frozen inclusions melted instantaneously between À56·8 and À56·68C (AE 0·1) that is, within the error limits, the temperature of the CO 2 triple point (^56·68C). The CO 2 melting temperature was verified only in the largest inclusions, as light reflection in the smallest ones hampered any measurements. At room temperature one (L) or two (L þV) phases are present and inclusions homogenized into a liquid phase between 23·1 and 30·68C in the Sc11D sample, between 17·1 and 30·48C in Sc11E, and between 15·4 and 22·38C in Sc11C (Fig. 8b) . Inclusions along the same trail homogenized at the same temperature. The corresponding P CO2 values range from 259 to 526 MPa (Fig. 8c) , as reported for other basaltic lavas from the Pico fissure zone (Zanon & Frezzotti, 2013 of the melt inclusion at magmatic temperature is calculated to be 0·15 mol %. This fraction of H 2 O has a minimal influence on our fluid pressure estimates. We stress that P CO2 derived from secondary fluid inclusions indicates the last event of pressure re-equilibration. A highdensity frequency maximum is identified in sample Sc11C, which most probably reveals a long period of magma ponding at high pressure, as proposed for La Palma peridotite xenoliths by Hansteen & Klu« gel (2008) . Following those researchers, the wide distribution of Sc11E data and, to a limited extent, data for Sc11D demonstrates re-equilibration during magma ascent without a further long period of magma ponding. Figure 9 illustrates the behavior of H 2 O and CO 2 , which deviates from the theoretical equilibrium degassing trend, calculated under closed-system conditions (CSD 1 ) with 1wt % of free gas phase. As often observed in basaltic systems and extensively debated, neither open-nor closedsystem conditions can explain melt inclusion volatile data (e.g. Blundy & Cashman, 2008; Me¤ trich & Wallace, 2008) . Several processes have been invoked including the following: (1) secondary post-entrapment evolution of melt inclusions, re-equilibration with their surroundings and H 2 O loss induced by proton diffusion (Chen et al., 2011; Gaetani et al., 2012) , as a function of the cooling rate (Lloyd et al., 2012) ; (2) mixing between magma batches with variable extents of degassing (Witham, 2011) ; (3) magma dehydration by a CO 2 -rich gas phase of deep derivation (Spilliaert et al., 2006; Me¤ trich et al., 2011) . Because of the lower diffusivity of CO 2 with respect to H 2 O in basaltic melts at identical temperature (Zhang & Ni, 2010) , H 2 O is depleted in the melt with respect to CO 2 by kinetic processes. Percolation of CO 2 -rich gas through the volcanic system is evidenced in our samples by the presence of CO 2 -rich fluid entrapped in crystals, either as very rare isolated inclusions or more commonly along healed fractures. A process of CO 2 -fluxing will enhance both magma dehydration and late-stage re-equilibration of olivinehosted melt inclusions. Three main points emerge from Fig. 9 , in which only melt inclusions hosted in olivine Fo !80 have been plotted. First, the apparent positive correlation between CO 2 and H 2 O, which could indicate mixing between magma batches with distinct volatile contents, is an artefact of representation. To avoid such a problem we have recalculated, on the basis of the average value (259) of the H 2 O/Ce ratio, the dissolved amount of H 2 O in those melt inclusions that were inferred to have lost H 2 O (Fig. 7) . As a result most inclusions plot on the closed-system degassing curve (CSD 1 ). Second, two endmembers can be identified in the Sc11C sample. They are characterized by distinct H 2 O concentrations (1·0 and 1·8 wt %), but exhibit comparable H 2 O/Ce ratios. The H 2 O-poor melt inclusions have relatively low La, Ce and other incompatible element contents and the lowest La/ Sm, La/Yb and K 2 O/Na 2 O ratios (Table 2) . They record total fluid pressures ( 160 MPa) that are significantly lower than those deduced from the fluid inclusions (4395 26 MPa), and contain a relatively large bubble (25^40 mm in diameter). These observations lead us to conclude that these H 2 O-poor inclusions were dominantly affected by diffusive CO 2 loss within the 'shrinkage' bubble upon magma ascent, instead of a massive H 2 O depletion. Hence, the influence of the internal pressure drop, induced by CO 2 exsolution in the bubble, on the dissolved amount of H 2 O would be minimal at low H 2 O concentrations, in agreement with Bucholz et al. (2013) . The variation of CO 2 and H 2 O concentrations at nearly constant H 2 O/Ce ratio in the Sc11C inclusions would imply distinct C/H ratios in the gas phases. Finally, the highest melt saturation pressure of 470 MPa, although underestimated, is consistent with the P CO2 values (475^526 MPa) deduced from fluid inclusions and the P CO2 range previously reported for basalts (465^508 MPa) and ultramafic xenoliths (570^586 MPa) from Pico and Faial islands (Zanon & Frezzotti, 2013) . We derive the magma ponding depths from our P CO2 determinations (Electronic Appendix 4b), using a density of 2800 kg m À3 for the crust and 3210 kg m À3 for the underlying mantle, and a possible crustal thickness beneath the Pico^Faial area of about 14 km as estimated from seismic tomography data (Dias et al., 2007) . The uncertainty on the depth calculations is difficult to assess because of the uncertainty on the location of mantle^crust transition, which could possibly be as deep as 20 km (Davaille et al., 2005; Zanon & Frezzotti, 2013) . Our data indicate a ponding horizon at 15^19 km depth, at which magma is crystallizing; this may represent the mantle^crust interface. Magma batches are subsequently transferred almost directly to the surface with no evidence for long periods of stagnation at shallow crustal levels, as illustrated by the CO 2 density distribution in sample Sc11D (Fig. 8c) , and with no significant degassing of S and Cl before eruption at the surface. Highpressure crystallization and crystal accumulation efficiently contribute to crustal thickening under the Azores, a feature well known in oceanic islands as described, for example, in the Canary Islands (e.g. Hansteen & Klu« gel, 2008) and Iceland (e.g. Neave et al., 2013) .
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Conditions of meltingçinference on mantle source
Tracking back the composition of the primary magmas in equilibrium with the mantle is critical to estimate the temperature and pressure of melt segregation. Because of magma ponding at the crust^mantle interface, the probability for primary magmas to be erupted is low. Both melt inclusions and lavas testify to high-pressure crystallization involving clinopyroxene. Software allowing the calculations of primary melt composition through the reverse crystallization process usually works well for basalts evolving along the olivine-liquid line of descent, but any removal of clinopyroxene will bias the results. Using PRIMELT2.XLS software (Herzberg & Asimow, 2008) we found that all melt inclusions and most Pico lava samples, including those reported by Beier et al. (2012) , are compromised by clinopyroxene fractionation. Olivineĉ linopyroxene removal is consistent with the positive correlation between Ni and Sc, until $30 ppm Sc and $200 ppm Ni (Fig. 10) , whereas higher Ni and Sc concentrations testify to olivine and clinopyroxene accumulation, ) for QFM redox conditions, a temperature of 11558C and the composition of Sc11C-32 a (Electronic Appendix 3). Starting at 550 MPa, the melt dissolves 2 wt % H 2 O and 0·51wt % CO 2 , and more than 95% of the CO 2 is present in the gas phase (X (mol)CO2 ¼ 0·90). During decompression under closed-system degassing, the gas phase becomes significantly depleted in H 2 O at pressure 5100 MPa, when the melt water solubility decreases substantially. The isopleths represent the H 2 O^CO 2 evolution in the melt in equilibrium with a gas phase of constant composition. They are calculated for 0·94, 0·91 and 0·85 mole fraction of CO 2 .
respectively. Similarly, K 2 O and MgO correlate negatively up to $10^11wt % MgO, whereas K 2 O remains nearly constant at higher MgO values. We thus restricted our selection to lava samples with MgO content of between 10 and 11wt % and nearly 200 ppm Ni to track back the primary melt composition. PRIMELT2 warns that these samples were affected by clinopyroxene fractionation, except one (Pic24). This latter basalt provided successful solutions, even though most of the selected basalts, with nearly 200 ppm of Ni, were almost suitable candidates within the error limits for major element concentrations.
The initial H 2 O content (1·27 wt %) was derived from its bulk Ce content and the Ce/H 2 O ratio of 259.
Computations carried out with an Fe 3þ /Fe Total molar ratio of 0·117 (FeO Total ¼10·04 wt %), for batch primary melts and accumulated fractional primary melts provide closely similar solutions. The resulting primary magma is in equilibrium with olivine Fo 91·2 at 1362 or 13538C and contains 15·7 or 15·3 wt % MgO, respectively, before 13^14% olivine fractionation. The inferred potential mantle temperatures (T p ) are 1477 and 14668C (Electronic Appendix 5) and are consistent with the published data for this island . More oxidizing conditions cause a significant decrease in both the MgO concentrations and mantle temperatures. We tested the internal consistency of the PRIMELT2 solutions following Herzberg & Asimow (2008) . We verified that the initial (P i ) and final (P f ) pressures of melting (P i $3 GPa; P f ¼ 3^2 GPa), and the melting fraction are comparable in FeO^MgO, SiO 2^M gO and CaO^MgO space. Moreover, the estimated pressure of melting of $3 GPa is consistent with the presence of residual garnet in the source (Asimow et al., 2004; Bourdon et al., 2005; Prytulak & Elliott, 2009 ) as also deduced for Pico basalts (Fig. 11) . We also applied the thermo-barometer of Lee et al. (2009) for mafic magmas. Calculations using the Pic24 composition (H 2 O ¼1·3 wt %) indicate primary magmas slightly richer in MgO ($17 wt %), but the calculated melting pressure (2·9 GPa) and mantle temperature (14888C) are comparable with the PRIMELT2 results. The starting magma composition and the redox conditions are critical parameters for these calculations. However, we stress that (Herzberg & Asimow, 2008) .
[1], lava samples from the Pico fissure zone .
the PRIMELT2 solutions indicate a primary melt with an H 2 O concentration of $1·1wt %. Herzberg & Asimow (2008) considered that the driest and hottest Azores magmas represent a melt fraction of $0·07 (7%). Based on a plot of Tb/Yb vs La/Yb, the Pico data (both melt inclusions and lava samples) indicate between 4 and 5% melting of a garnet-bearing mantle source (Fig. 11) . Sample Pic24 (Tb/Yb ¼ 0·46; La/ Tb ¼14·3) corresponds to a melt fraction of $0·04^0·045. These values fall in the 0·01^0·05 melt fraction range estimated for Pico (Prytulak & Elliott, 2009) and that (0·030 ·05) reported for both the eastern and western (Genske et al., 2012) Azores islands. For a bulk partition coefficient of 0·01, the mantle source of the Pico magmas (La/Sm ¼ 4 on average) would contain from 570 to 680 ppm H 2 O. These values approach the upper limits for Azores magmas (700 ppm; Asimow et al., 2004) . Geochemical modeling of melt inclusion and bulk lava data provides further evidence for a water-rich mantle source beneath Pico as previously observed for the Azores platform (Schilling et al., 1980) . It supports the idea of hydrous decompression melting. Estimation of the thermal anomaly amplitude associated with mantle water enrichment is a critical point, and the assessment of the mantle potential temperature has been highly debated (e.g. Herzberg & Asimow, 2008; White, 2010; Anderson, 2011) . Our T p estimates (1466^14778C) are consistent with the value of 1443 AE 248C reported for the Azores (Courtier et al., 2007) . Referring to a MORB T p of 13508C (Herzberg & Asimow, 2008) , the inferred ÁT for the Azores mantle would be of the order of 1208C or much less (5508C), whereas mantle plumes are considered to be 100^3008C hotter than normal upper mantle (White, 2010) . Melt parcels would segregate from $3 GPa ($901 00 km); this is much shallower than the seismic velocity anomaly depths (200^250 km; Silveira et al., 2006 Silveira et al., , 2010 Yang et al., 2006) .
Mantle water anomaly in the context of the Azores geodynamic setting
The average H 2 O/Ce ratio (259 AE 21) determined for Pico basalts is comparable with the average values for submarine non-degassed basalts from the Azores platform (253 AE 33; Dixon et al., 2002) and MAR basalts dredged between 35 and 458N (272 AE 48; Michael, 1995) , but significantly higher than that reported for southern Atlantic MORB (H 2 O/Ce ¼150; Michael, 1995; Dixon et al., 2002) . Variation in the conditions of melting at nearly constant H 2 O/Ce ratio does not support the hypothesis of a late stage of water homogenization in magmas at the crustm antle interface. Consequetly, our results reinforce the hypothesis of a mantle H 2 O anomaly beneath the Azores region. It is likely that this mantle anomaly has survived for over 10 Myr, as it is recognized in Azores platform submarine basalts and in the youngest Pico magmas (i.e. olivine-hosted melt inclusions).
The Pico magmas are generated by degrees of melting (4^5%) comparable with all the other Azores islands with the exception of Sa‹ o Miguel (54%). These estimates must be considered with some caution owing to the possible effects of high-pressure crystal fractionation and the fact that only a few basalts survived clinopyroxene fractionation. However, we stress that the Pico and Sa‹ o Jorge data indicate similar degrees of melting (Fig. 11) . They also plot in the same Nd^Sr^Pb isotopic domain of mixing between HIMU and depleted mantle MORB (DMM) mantle sources (Costa et al., 2012) . At a larger scale, limited geochemical variability of the mantle source and extents of melting have previously been inferred for the central islands of the Azores archipelago, in contrast to Sa‹ o Miguel (Beier et al., 2010 . Pico basalts have 3 He/ 4 He of 10·51 1·2 R a , which falls within the range previously published for Azores magmas (Fig. 12 ) and more specifically for Pico^Terceira^Sa‹ o Jorge basalts (10·5^14·5 R a ; Moreira et al., 1999) . These values are higher than those reported for MAR basalts (8·1^9·7 R a ) between 37·26 and 39·578N (FAZAR expedition), where the most primitive ratio testifies to Azores plume influence (Moreira & Alle' gre, 2002) . FAZAR submarine basalts have variable H 2 O/Ce ratios from 177 to 315, with the highest values at 38·5^39·98N (Dixon et al., 2002) . Hence helium isotopes and water show a same tendency, even though no proper correlation has yet been established. The important point is that Pico basalts do not record the high R/R a ratios typical of mantle plumes (up to 39 R a in Loihi pre-shield lavas), but values that are higher than those measured in Hawaii post-shield volcanoes (6·2^9·8 R a ) that in turn are indistinguishable from MORB (Hofmann et al., 2011) . Whether the high 3 He/ 4 He ratios of ocean island basalts require a low U/Th component or a primitive non-degassed mantle reservoir (rich in 3 He) still gives rise to intense debates (e.g. Anderson, 2011; Hofmann et al., 2011) . From new experimental determinations of He bulk partition coefficients (D mineral/melt ) for olivine (0·00017) and clinopyroxene (0·0002), Heber et al. (2007) have proposed that helium could be less incompatible than its radioactive parents U and Th during mantle melting, resulting in a weak integrated ingrowth of 4 He in the depleted mantle. Lowering of the 4 He/ 3 He ratio, which depends on the 3 He/U ratio, has also been proposed to be linked with the long-term survival of cold, low U/ Th, refractory components in the shallow mantle (e.g. Anderson, 2011) . We simply point to the fact, here, that trace element data for Pico melt inclusions and bulk rocks do not support the presence of a refractory depleted mantle source component. Old oceanic crust recycling and the presence of dispersed eclogitic material (Hofmann & White, 1982) are consistent with the U^Th isotope data for Pico (Prytulak & Elliott, 2009 ) and more broadly with He^Pb isotope compositions of Azores basalts (Moreira et al., 1999 (Moreira et al., , 2009 ).
We propose that the H 2 O/Ce ratio of the Azores mantle domain is nearly constant, and that the idea of deepening of the melting source as a result of crustal thickening should be revisited. This latter process would result in deepening of the region of magma ponding and crystallization, but not of the depth of melting. Our data support the idea of a regional mantle enrichment in H 2 O, leaving apart Sa‹ o Miguel. Following this line of reasoning, comparable H 2 O enrichment could be expected in the mantle source beneath Corvo and Flores on the western side of the MAR. This observation is consistent with the H 2 O content ($0·5^1wt %) of the Corvo^Flores primary magmas as indirectly derived from the P^T conditions of basalt evolution (Genske et al., 2012) .
These considerations strongly support the hypothesis of decompression melting of a water-rich mantle source as the cause of Azores magmatism, with a relatively low thermal anomaly ( 1208C) with respect to the Mid-Atlantic Ridge and compared with mantle plume values (1003 008C) as reviewed by White (2010) . Negative seismic velocity anomalies have been reported beneath the Azores within the upper 200^250 km of the mantle (Silveira et al., 2006 (Silveira et al., , 2010 Yang et al., 2006) , but are also present at depths as great as 450 km, and have been related to the presence of a large, deep-seated mantle plume (e.g. Silveira et al., 2010) . On a larger scale, thermal and chemically heterogeneous upwelling at the core^mantle boundary has been inferred from fluid dynamic modeling (e.g. Davaille et al., 2005) and buoyant mantle upwelling from seismic tomography modeling (Adam et al., 2013) . However, the notion developed by these researchers of associated secondary hotspots is more complex for the Azores domain, which is strictly speaking not a hotspot.
It is now fairly well established that the EurasianÂ frican plate boundary in the Azores was the East Azores Fracture Zone until some millions of years ago [c. 8 Ma according to Luis et al. (1994) ]. However, owing to plate motion reconfigurations, this plate boundary has moved to the north, from the East Azores Fracture Zone to the currently active Terceira Rift. Therefore, the East Azores Fracture Zone seems to be at present inactive. Whether or not the Eurasian^African plate boundary is discrete or diffuse is strongly debated. Based on global positioning system (GPS) data, and tectonic and seismic activity, Marques et al. (2013) showed that the boundary is diffuse in the northwestern half of the Terceira Rift (encompassing the rift and the volcanic ridges to the south for at least 150 km), and discrete in its southeastern half (comprising the Terceira Rift). Yang et al. (2006) suggested that this plate boundary migration would result from plate motion over a mantle plume. However, a simple calculation using an absolute velocity of 22 mm a À1 (Gripp & Gordon, 2002 ) and a hotspot-track length 4330 km [from S. Jorge to the old Azores Triple Junction (ATJ)] shows that the plume was at the old ATJ more than 15 Myr ago. This is inconsistent with the proposed ages for migration (e.g. Luis et al., 1994) , and with the ages available for the volcanic ridges of S. Jorge (5 1·5 Ma), and Pico^Faial (5 1Ma) (e.g. Hildenbrand et al., 2008 Hildenbrand et al., , 2012b . The other possible explanation, which we propose here, is the control of tectonics on melt production, in the form of decompression melting. This hypothesis is supported by combined bathymetric, tectonic and GPS data. The crust between the East Azores Fracture Zone and the Terceira Rift shows a sequence of parallel grabens (Princess Alice, Pico^Faial and S. Jorge grabens), with which the main volcanic ridges are associated. This means that, during plate boundary migration to the north, the crust has been extended to form the grabens. Current GPS data also show that the crust is at present extending up to at least 140 km south of the Terceira Rift (Fernandes et al., 2006; Marques et al., 2013) . Therefore, lithospheric extension could trigger decompression melting of water-rich mantle.
C O N C L U S I O N S
Geochemical data for olivine-hosted melt inclusions, their host scoriae and basaltic lavas emplaced along the Pico fissure zone lead us to draw the following conclusions.
(1) The basalts extruded along the fissure zone experienced high-pressure fractionation and removal of olivine^clinopyroxene (AE spinel). (2) Fluid-saturation pressures recorded by melt inclusions and P CO2 deduced from fluid inclusions indicate an upper limit for magma ponding at ca. 18 km depth ($500 MPa), (i.e. the mantle^crust) boundary, whereas the parental melt batches segregate from a garnet-bearing mantle source at 90^100 km depth ($3 GPa equivalent pressure). (3) Melt inclusions that did not experience any secondary H 2 O loss and degassing indicate an initial H 2 O/Ce ratio of 259AE 21 at a constant Ce/La ratio (2·18 AE 0·02). (4) The primary melt composition and its water content were calculated using PRIMELT2.XLS software (Herzberg & Asimow, 2008) . (5) In the geodynamic context of extensional tectonics, the Pico magmas can be generated via decompression melting of an H 2 O-enriched mantle source, without the need for a significantly elevated mantle potential temperature.
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